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Abstract  
In tropical countries, the expansion of cassava processing is tied to the development of small-
scale, energy-efficient pneumatic dryers for flour and starch. To address this issue, a model of 
the pneumatic drying of starch particles was developed and fitted to measurements from large 
factories. Then, numerical simulations were performed to analyse the effects of geometry and 
operating conditions on the energy efficiency and the pipe length required to dry the product. 
The results clarified the influence of processing capacity, air inlet conditions, and starch 
particle size emphasizing that the air velocity and the dilution of starch should be minimised. 
Accordingly, we proposed guidelines for the design of efficient small-capacity flash dryers.  
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Nomenclature 
Variables 
Ap  [m2]   Particle surface 
Ap’  [m2]   Projected area of a particle 
C  [kgꞏm-3]  Volume concentration of water 
Cp  [Jꞏkg-1ꞏK-1]  Heat capacity  
CD  [-]   Drag coefficient  
d  [m]   Particle diameter  
D  [m]   Pipe diameter  
Dws [m2ꞏs-1]  Diffusivity of water in starch 
  [-]   Void fraction of the bed of particles 
f  [-]   Coefficient of friction with the pipe wall 
g [mꞏs-2]  Acceleration of gravity 
h [Wꞏm-2ꞏK-1] Convection coefficient (or specific enthalpy [Jꞏkg-1] where specified) 
Ls  [Jꞏkg-1] Net isosteric heat of desorption of water from starch 
Lpipe [m]  Total length of the drying pipe  
  [kgꞏs
-1]  Mass flow rate  
pv  [Pa]  Water vapour pressure 
psat  [Pa]  Saturation vapour pressure of water 
 [Wꞏm-2] Heat flux from the air to the particle 
 [Wꞏm-1] Heat loss through the pipe wall per meter of pipe  
Qs [kJꞏkg-1 of w] Specific heat consumption 
r  [m]   Radial position within a particle 
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  [kgꞏm-3]  Density 
S  [m2]   Section of the drying pipe 
t  [s]   Time 
T [K]  Temperature 
u  [mꞏs-1]  Velocity 
Vp  [m3]  Volume of a particle 
 [kgꞏm-2ꞏs-1] Water mass flux from particle to air, called drying rate 
X [kgꞏkg-1 ds] Particle moisture content on dry basis (d.b.) 
Y [kgꞏkg-1 da] Air moisture content on d.b. 
 
Indices and subscript 
a Moist air 
da Dry air 
ds Dry starch particle 
i Initial state (dryer inlet) 
f Final state (dryer outlet) 
p Wet starch particles 
v Water vapour 
w Liquid water 
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1. Introduction 
1.1. The stakes in the development of cassava starch industry 
In several tropical countries, there is a growing interest in the development of cassava-
processing industry, which is essential to increase the economic valorisation of existing 
cassava roots production [1, 2]. This trend has particularly intensified since the food crisis in 
2008, stressing the need to support local agriculture and reduce the reliance on imported 
staple food, thereby limiting the exposure to price fluctuations on international markets and 
improving food security at national level. Traditionally, the cassava roots are consumed fresh 
as food or processed into starch, flour and other derived products. Its main drawback is its 
very poor conservation ability: after harvest, roots must be processed within two days; 
otherwise they spoil [2]. Therefore, the development of reliable technologies is a key factor in 
making cassava processing a profitable activity.  
Thailand is the world’s first exporter of cassava starch thanks to a well-structured sector and 
modern factories using state-of-the-art processing technologies. The roots are produced by 
smallholders, mostly as a cash crop, and are sold to factories producing native and modified 
starches that are used in many industries including paper, food, oil and gas, and more. The 
production of cassava starch in Thailand is carried on large scale, with a typical production 
capacity of factories of 200 tons of starch per day (at 0.14 kgꞏkg-1 moisture content dry basis) 
from 800 tons of roots, running 24 h a day [3]. This involves well-organised supply and 
distribution logistics, which can rely on a solid transport infrastructure and makes the Thai 
starch industry highly competitive.  
By contrast, several African and South American countries have processed cassava roots into 
starch, flour and other products distributed on local markets for decades [4]. However, the 
traditional processes in use are rather limited in production capacity and the product quality is 
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highly variable. Therefore, the implementation of more advanced processing technologies is 
expected to increase the quantity and quality of cassava products on local markets and 
potentially targeting the international market. It is an opportunity to enhance the benefits 
generated from cassava, an already well-known and widespread crop.  
Consequently, the local operators try to modernise their processing equipment following the 
example of large-scale factories. However, the downscaling of pneumatic dryers, used at the 
end of the production process, remains a major difficulty. Drying is the most energy-
demanding operation in the process and its control is crucial to ensuring high quality of the 
product. Thus, the present work aims to contribute to the development of efficient drying 
equipment in response to the needs of small cassava processors in developing countries. The 
challenge consists in building small-capacity dryers with reasonable dimensions, yet energy-
efficient and able to deliver a product of high quality. 
1.2. Pneumatic conveying drying of starch 
The common process for producing cassava starch consists in a series of operation aiming to 
extract and separate the starch from the fibres contained in the roots. The roots are first finely 
crushed using raspers to unbind the starch granules from the root matrix. Then, the mash is 
dispersed in water and the starch is separated from the fibres by centrifugal sieving. Finally 
the water is mechanically removed by settling, centrifugation or hydro-cyclones, producing a 
crumbly starch cake at a moisture content of 0.55 – 0.60 kgꞏkg-1 ds, which is sent to the dryer 
[3].  
A pneumatic conveying dryer, also called flash dryer, works on the principle of an entrained 
fluidised-bed. The wet starch is introduced in a hot air stream using a feeding device such as 
a hammer-mill to break the sticky material into fine particles. Then, the particles are 
entrained by the hot air, dried along the pipe, and are then separated using cyclones. The 
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industrial dryers in operation in Thailand have daily capacities ranging from 100 to 400 tons 
of dry starch using drying pipes with a diameter of about 1-2 m and a total length in the range 
of 40-60 m. The drying air temperature is generally 170-180 °C at inlet and the air velocity in 
the range of 15-25 m.s-1. The airflow is generated by suction through the drying pipe using a 
blower set at the air exhaust. This setting provides a slight negative operating pressure, 
preventing the blowing of starch dust in case of leakage.  
The target moisture content for the product ranges from 0.13 – 0.15 kgꞏkg-1 ds. A major 
constraint to preserve the quality of the product is to avoid the gelatinisation of starch during 
drying: this phase change occurs when the temperature is above 60 °C and the moisture 
above 0.35 kgꞏkg-1 ds.  To ensure the homogeneity of product quality despite the fluctuation 
of input parameters such as air and starch moisture content, the process requires continuous 
control. In most cases, the blower and boiler are operated at fixed load while the outlet air 
temperature is maintained stable around 50 – 55 °C by controlling the starch feed rate. 
By contrast, the smaller starch producers in other countries aim for daily capacities of 2-
10 tons of starch and have built dryers using pipes in the range of 10-15 m long. They tend to 
use similar operating conditions as large factories, with slightly lower air velocity. However, 
common problems are insufficient drying and, when target moisture is achieved, high energy 
consumption levels and product quality issues due to gelatinisation. Actually, a range of 
factors affects the performance of a flash dryer, from the drying pipe design (dimensions) to 
the operating conditions including the air temperature and velocity and the feed rate.   
1.3. Modelling and numerical analysis of flash drying 
The modelling of heat and mass transfer in the dryer can provide a better understanding of the 
process and allow to identify the parameters governing the performance. The modelling of 
flash drying is largely covered in the scientific literature since this process is used for a range 
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of powder materials, including PVC, silica [5], alumina [6, 7],  limestone [8], sawdust [9]  
and food products such as rice powder and other starchy products [10–12]. Though, no 
specific work was published on the design of flash dryers for cassava starch. 
In this paper, we propose to use modelling to help understand the influence of design and 
operating parameters on the performances of flash drying and to analyse the possibilities for 
downscaling the process. First, we built a mathematical model to describe and simulate the 
drying of starch particles. The model was based on previously published articles about the 
drying of potato starch and rice powder [10, 11], although with a major difference in the 
assumptions: while the previous authors considered the drying was convection-driven, we 
considered that it is diffusion-driven. Then, the model was fitted to plant data from five 
industrial producers of cassava starch in Thailand and Paraguay.  
Finally, a major novelty of this work is the use of numerical analysis to determine guidelines 
for the design of small-scale flash dryers of high energy-efficiency, yet with reasonable 
dimensions. To this purpose, we performed a series of simulations to analyse the trade-off 
between pipe length and specific energy efficient consumption, under various operating 
conditions. The results clarified the effects of design and operating parameters and lead to the 
proposition of guidelines for the design of energy-efficient dryers. 
2. Drying model description 
2.1. Drying mechanism and modelling assumptions 
A one-dimensional incremental model was applied to describe the changes of moisture, 
temperature and velocity of air and particles along the dryer. This type of model already 
proved successful in simulating the pneumatic drying of particles [7, 9–11, 13]. Moreover, it 
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provides appropriate levels of details and accuracy for dryer design purposes and still 
requires far less computing time than CFD models [14].  
Pelegrina and Crapiste (2001) [10] proposed a mathematical model for the pneumatic drying 
of food particles that was later improved and used by Tanaka et al. (2008) [11] to study the 
drying of rice powder. In the present work, the same overall balance equations were used, but 
with different assumptions concerning the physical mechanisms driving the drying at particle 
level.  
The drying of a particle in a flash dryer occurs through two mass transfer mechanisms in 
series: the diffusion of water from the inside to the surface of the particle and the convective 
transfer from the surface to the air. The slowest mechanism determines the maximum drying 
rate. The Biot number compares the relative resistance to water transport of diffusion and 
convection [15]. In the case of starch particle drying, the Biot number is of the order of 
magnitude of 105, which indicates that the drying rate is entirely governed by the kinetics of 
water diffusion. Practically, it means that when a starch particle enters the drying pipe, its 
surface dries almost instantaneously to the equilibrium moisture with the surrounding air. In 
turn, the moisture gradient created within the particle causes the water to migrate from the 
centre to the surface. 
Eventually, the size of starch particles is heterogeneously distributed with diameter ranging 
from 50 µm to 450 µm. It is highly variable depending on moisture content and feeding 
system and it continually changes as particles may agglomerate or split during drying [16].  
The description of these phenomena within the drying model would be prohibitive due to its 
complexity. Moreover, as the measurement of this property is very difficult, almost no 
experimental data is available in the literature.  
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Thus, as a simplifying assumption, the particles were considered spherical and homogeneous 
in size: during drying, they keep a constant volume while their porosity increases (see section 
2.4). The drying is therefore modelled identically for all particles while in reality, it is likely 
that all particles do not dry at the same rate and the moisture equilibrates afterwards. The 
consequence of this assumption is that the particle diameter in the model should be 
considered as a parameter equivalent to the actual particle size distribution. Its value may 
vary from a dryer to another as the result of different feeding systems. The main drawback of 
this method is that the possible effects of operating conditions on particle size are not 
modelled. 
Then, five industrial starch dryers were simulated with the model to evaluate the value range 
of particle diameter. Based on simulations, the particle diameter was chosen so that the model 
output matched the manufacturer data in terms of starch outlet moisture, which is the most 
sensitive output variable. This is further detailed in section 4.1. 
2.2. Overall balance equations 
The method for modelling such drying operation consists in balancing the exchanges between 
the starch and the drying air in terms of mass, momentum and heat [17]. The resolution of 
balance equations allows to calculate the moisture, velocity and temperature profiles of air 
and starch particles along the drying tube. This section presents the one-dimensional balance 
equations, originally proposed by Pelegrina and Crapiste (2001) [10]. The physical and 
thermodynamic properties of moist air were retrieved from the following references: [15, 18–
20]. 
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2.2.1. Momentum balance 
The momentum balance for a single particle is given by equation (1), while equation (2) 
refers to the drying air in a control volume (portion of the drying pipe defined as ua  S  dt ). 
   (1) 
   (2) 
The drag coefficient is calculated using the correlation proposed by Schiller and Naumann 
(1935) [21]. The pipe is made of drawn stainless steel, so the air-wall friction coefficient is 
calculated using the Blasius correlation for smooth pipes [17]. The particle-wall friction 
coefficient is calculated using the experimental correlation from Capes and Nakamura (1973) 
[22]. 
The void fraction , defined as the volume ratio of air to total volume, is used to couple the 
solid-phase and gas-phase balance equations. It can be expressed using the mass balance 
equations of air and particles, as in equation (3).  
   (3) 
To solve the momentum and mass balance equations, the dry air and dry starch mass flow 
rates are set as constant. The initial particle velocity cannot be set to zero because this would 
be inconsistent with the one-dimensional model (if velocity = 0, flow rate =0). Instead, the 
initial particle velocity is set to a slightly positive value, small compared to the air velocity, 
e.g 0.5 mꞏs-1. 
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2.2.2. Heat balance 
Equations (4) and (5) give the heat balance related to a particle and to the drying air 
respectively.  
 
 
(4) 
  (5) 
The temperatures of air and particles are considered homogeneous and are respectively set to 
Tai and Tpi at initial state.  
The heat losses to the environment occur by heat transfer through the pipe wall. They are 
estimated by calculating the heat flux through the pipe wall including internal and external 
convection and conduction through the pipe insulation.  Following the information provided 
by starch factories, the pipes are generally made of 2 mm thick stainless steel with a 
conductivity of 16.3 Wꞏm-1ꞏK-1, often insulated with a layer of rock wool, with a conductivity 
of 0.04 Wꞏm-1ꞏK-1. The internal convective transfer coefficient is calculated using the Sieder-
Tate correlation [15] and the free convection coefficient to the ambient is set to an average 
value of 15 Wꞏm-2ꞏK-1[23]. 
2.2.3. Water mass balance 
The water mass balance is expressed by equation (6) and (7), giving the variations of 
moisture contents with time, of starch and air respectively. 
   (6) 
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   (7) 
The air moisture is considered as homogeneous, while the moisture profile within the particle 
is calculated by solving diffusion equation as discussed in the following section. 
2.3. Water and heat transfer at particle level 
In addition to the overall balance equations, local models are required to evaluate the heat and 
mass exchanges at particle level. The resolution of these local models provides the heat and 
mass flux terms,  and , required in the overall balance. 
2.3.1. Diffusion-driven water mass transfer 
According to the assumption of diffusion-driven drying, the drying rate  is governed by the 
dynamics of diffusion at particle level. The transport of water from the centre to the surface 
of starch particles combines several mechanisms including vapour and liquid diffusion, 
capillary flows and surface diffusion. This was modelled using the 2nd Fick's law with an 
effective diffusivity coefficient [24], which includes the effects of all the mechanisms 
involved. The effective diffusivity of water in starch was evaluated as a function of 
temperature and water concentration as proposed by Karathanos et al. (1991) [25]. Therefore, 
the diffusivity is temporally and spatially dependent.  Assuming that the diffusion properties 
of water in starch are isotropic, the diffusion equation is expressed in spherical coordinate 
with spherical symmetry in equation (8).  
 Ct 
1
r 2
 r  r
2  Dws(C,Tp )  Cr



   (8) 
At initial state, the moisture is homogeneously distributed within the particle. After the 
introduction of the particle in the drying pipe, the particle surface is instantaneously in 
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equilibrium with the surrounding air, i.e. the water vapour pressure at the particle surface is 
equal to the vapour pressure in the surroundings. Knowing the vapour pressure and the 
particle surface temperature, the water activity aw can be deduced using equation (9).  
 aw 
pv Y 
psat Tp    (9) 
where pv (Y) and psat (Tp) are the vapour pressure in air and the saturation vapour pressure at 
the particle surface temperature respectively. 
The water activity at the surface of a product can be related to its moisture content at a given 
temperature using sorption isotherms. No specific sorption data were found in the literature 
for cassava starch at the temperature range of the process. Therefore, we used the sorption 
isotherm of high-amylopectin starch at 45°C, as proposed by Al-Muhtaseb et al. (2004) [26]. 
This assumption is justified by the fact that cassava starch is mostly composed of high 
amylopectin. Moreover, according to [26], the sorption properties of high-amylopectin and 
high-amylose starch are very close.   
The sorption isotherm is described using a GAB model, i.e. X p  f aw . Knowing the water 
activity at the particle surface the GAB relation is used to calculate the starch moisture 
content at the particle surface, providing the boundary condition required to solve the 
diffusion equation. The resolution of water diffusion in the particles allows to calculate the 
drying rate, which is the water mass flux density at the surface of the particle. 
2.3.2. Convection-driven heat transfer 
As for water mass transfer, the transfer of heat between the air and the particle occurs through 
convection and conduction modes in series. In order to identify the governing transfer 
mechanism, the Biot number for heat transfer was evaluated at several positions along the 
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drying pipe, using the data on the thermal conductivity of granular starch provided by 
Drouzas and Saravacos (1988) [27].  As the conductivity of starch strongly increases with 
bulk density and moisture, the Biot number remains relatively low (≤ 0.1) throughout the 
drying pipe, indicating that the heat conduction within the particle is relatively fast and that 
the transfer is mostly controlled by convection at the interface [15, 28]. Therefore, the 
temperature of the particles is considered homogeneous.  
The convective heat flux is calculated according to equation (10), using the convective heat 
exchange coefficient h. A modified version of the common Ranz-Marshall correlation, 
specifically developed for drying particles, was used to evaluate h as recommended in [13, 14, 
29]. 
   (10) 
2.4. Starch particles properties 
Owing to their structure (agglomerated granules), starch particles are porous materials and 
their bulk density should be expressed as a function of porosity [30]: b  1 p   s  where 
 pis the porosity of the particle, and s  [kgꞏm-3] is the solid density. 
Marousis and Saravacos (1990) [31] and Karathanos and Saravacos (1993) [30] have studied 
the density and porosity of starch materials during drying and observed that the porosity of 
starch increased linearly during drying. Following Marousis and Saravacos (1990) [31], the 
solid density of starch granules, may be expressed as a function of moisture content using 
equation (11). 
 s X   1442  837  X  3646  X 2  4481 X 3  1850  X 4    (11) 
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Based on the same work, the porosity of cassava starch at the dryer inlet, i.e. moisture content 
within 0.5 - 0.6 kgꞏkg-1 ds, was estimated to 0.175, by analogy with results obtained for 
Amioca starch. 
Then, assuming no shrinkage during drying, the water evaporated during drying is replaced 
with air and the bulk density of particles can be calculated as a function of initial porosity and 
moisture as in equation (12). 
 p  1 pi   s X   1 X1 X i   (12) 
where pi [-] and Xi [kgꞏkg-1] are respectively the porosity and moisture content of the particle 
at initial state. 
Eventually, the heat capacity of dry starch is 1500 Jꞏkg-1ꞏK-1 [32]. The heat capacity of humid 
starch particles is calculated as the mass fraction average of pure starch and pure water heat 
capacities. In absence of specific data for granular cassava starch, the heat of sorption was 
calculated based on highly amylopectin and highly amylose starches data provided by Al-
Muhtaseb et al. (2004) [33] for temperatures ranging from 30 °C to 60 °C and moisture 
content from 0.02 to 0.2 kgꞏkg-1 ds. 
2.5. Model implementation 
The model was implemented using Matlab® (MathWorks, Natick, MA). The mass, 
momentum and energy balance equations were solved using a fourth-order Runge-Kutta 
integration method. At each time-step, the partial differential equation of diffusion (8) is 
solved using a finite element explicit method, thus providing the water concentration profile 
within the particles, as proposed by [28]. The discretisation scheme for equation (8) was 
recommended by Ford Versypt and Braatz (2014) [34] who conducted a detailed analysis of 
the precision and stability of different discretisation schemes for diffusion problems with 
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variable diffusivity in spheres.  
The stability of such resolution method depends on the time and spatial steps chosen. In the 
present case, the relation N  R02  D  dt , where N is the number of grid points D the 
diffusivity and R0 the radius of the sphere, should be verified. As an indication, with dt = 10-
4 s, R0 = 200 µm, D = 10-9 m2.s-1, the maximum number of grid points is N = 224.  Using 
more grid points would require using a shorter time step, hence increasing the computing 
time. 
The precision of the resolution method was tested by comparing the results for various spatial 
and time steps. To consider the least favourable case, the data from dryer TH-2 (see section 
4.1) was used, since it has the longest pipe and is thus, more prone to accumulation of errors. 
The time step was varied between 10-5 s and 10-4 s, while the number of spatial grid points 
ranged from 50 to 250. Over this domain, the model output in terms of starch moisture 
content varied by less than 1.5%. For the range N = 100-250, this variation was reduced to 
less than 0.5%, which is precise enough for the purpose of this study. Therefore, to ensure a 
good precision level while keeping reasonable computing time, the number of grid points was 
set to N = 100 and the time step to dt = 10-4 s.  
2.6. Dryer efficiency: specific energy consumption 
An efficient dryer is a dryer that maximises the use of the sensible heat of the drying air to 
evaporate the water from the product. Ideally, the outlet air should be saturated with moisture 
and its temperature as low as possible. In the case of isenthalpic drying (free-water removal at 
constant temperature), the minimum outlet air temperature corresponds to the adiabatic 
saturation temperature [35]. A common indicator to characterize the performance of a dryer is 
its specific energy consumption, defined as the energy spent to evaporate 1 kg of water from 
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the product. Its expression is given in equation (13). Its value can be compared to the latent 
heat of vaporisation of water at product inlet temperature. 
   (13) 
where hext [kJꞏkg-1] and hin [kJꞏkg-1] are the specific enthalpy of the drying air, at ambient and 
dryer inlet conditions respectively.  
3. Numerical analysis method 
The model was used to assess the possibilities to improve the design of small-capacity flash 
dryers in view of maximising their energy efficiency, while keeping reasonable dimensions. 
The analysis method was based on a series of numerical simulations: it allowed to quantify 
the trade-off between pipe length and energy consumption while assessing the effects of 
various factors including inlet air conditions and processing capacity.  
3.1. Design problem description and method of analysis 
The basic functional specifications for the construction of a flash dryer are the capacity 
(starch feed rate) and the inlet and target moisture content, which are fixed. Then, the 
objective is to define a design that minimises the specific energy consumption and the length 
of the dryer. The design includes two aspects: the geometry of the drying pipe and the 
operating conditions. In the present study, we only considered constant-diameter pipes to 
limit the range of possible geometries. Thus, the pipe geometry was defined by two variables: 
the diameter and the length. The operating conditions were also defined by two variables: the 
inlet velocity and temperature of the drying air. Overall, 4 variables are required to define the 
system and, since there is the constraint that the starch outlet moisture meets the target, only 
three variables are independent (or degrees of freedom).  
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Accordingly, when the operating conditions are fixed (air velocity and temperature), two 
variables remains, the pipe diameter and length, with only one degree of freedom. Thus, the 
pipe diameter was set as the independent variable and the model was used to calculate the 
pipe length required to dry the starch mass flow to the target moisture. This was achieved 
using a “while” loop that exits the time iterations when the starch moisture meets the target.  
Note that when the inlet air velocity and temperature are fixed, the pipe diameter directly 
controls the air mass flow rate, and thus the dilution of starch, i.e. the ratio .  
Obviously, to meet the target moisture, a first condition is to ensure that the air mass flow has 
the capacity to absorb the moisture released by the starch. The lower bound can be calculated 
by assuming that the drying air undergoes an adiabatic humidification during the process, up 
to saturation: this gives the adiabatic air mass flow rate. Then, the second condition is that the 
pipe length provides a residence time long enough to allow the transfer of the starch moisture 
to the air. And under fixed operating conditions, the residence time, thus the pipe length, 
required to meet the target moisture is controlled by the dilution of starch, i.e. by the diameter 
of the pipe. This is explained by the fact that the dilution actually affects the gradient of 
vapour pressure (or “humidity”) between air and particles, which is the driving mechanism of 
the drying. Therefore, high dilution (large diameter) will result in short pipe length and 
conversely. 
The second objective is to minimise the energy consumption of the dryer. This is achieved 
when all the sensible heat in the drying air is used to evaporate the product moisture, or in 
other words, the exhaust air is saturated with moisture (although, in practice, condensation 
should be avoided). Following this theory, maximising the energy efficiency would lead to 
maximising the length of the drying pipe: therefore, under fixed operating conditions, there 
must be a trade-off between pipe length and energy efficiency. 
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To analyse this trade-off, the drying model program was tuned so that it returns both the pipe 
length required to reach the target moisture and the energy consumption as function of pipe 
diameter ( Qs , Lpipe   f D ). This method provides all the combinations of pipe diameter 
and length that allow to dry a given flow rate of wet starch to the desired moisture, under 
given inlet conditions. By performing simulations for various inlet conditions, the effects of 
air velocity and air temperature were assessed. Moreover, the influence of other parameters 
such as the processing capacity and the particle diameter were also studied. In all simulation, 
the pipe was assumed vertical with upward flow, since the length is unknown beforehand. 
 
3.2. Default values of input parameters 
For the need of the simulations, it was necessary to define default values for all input 
parameters; they are presented in Table 1. As one of the main motivation of this work is to 
investigate the possibilities for using flash dryers in small- and medium-scale starch factories, 
the default processing capacity was set 2 tons of starch per day, which corresponds to a dry 
starch mass flow rate of 0.02 kg.s-1. The default particle diameter was set to 230 µm, 
corresponding to the average of fitted diameters (see section 4.1.1). For the other parameters, 
mid-range values were chosen as default. 
The default air velocity was varied between 10 m.s-1 and 20 m.s-1. In practice, the lower 
bound for air velocity is the minimum required to entrain the largest particles. According to 
[36, 37], the minimum entrainment velocity for starch particles with a diameter in the order 
of 230 µm is smaller than 1 m.s-1. Therefore, even though starch particles may agglomerate, 
an air velocity of 10 m.s-1 should be high enough to entrain the largest particles. Experimental 
trials would be necessary to identify the lower bound. 
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Eventually, the range of the simulations (realised using the function Qs , Lpipe   f D ) was 
bounded according the output values: only the dryers featuring a pipe length lower than 40 
meters and a specific energy consumption lower than 10 000 kJ.kg-1 were considered. 
Consequently, the variation range of pipe diameter depends on the case studied. 
4. Results and discussion 
4.1. Model fitting using field data from large scale dryers  
In order to compare the model prediction to actual performance of cassava starch flash dryers, 
data were collected from 5 industrial production plants, 3 in Thailand (referred to as TH-#) 
and 2 in Paraguay (referred to as PA-#); they are summarised in Table 2. In practice, several 
factors influencing the drying are variable, especially the inlet air moisture content and the 
wet starch moisture content. This problem is overcome by continuously adjusting the starch 
feed rate to keep constant the air outlet temperature, using automatic control. Therefore, the 
information provided by the starch manufacturers, in terms of input and output conditions of 
air and starch, were in the form of value ranges rather than accurate values. Thus, average 
values were considered for the simulations. 
In Thailand, the starch factories have in average larger processing capacities than in Paraguay. 
The dryers in Thai factories have larger dimensions, both in diameter and length. They also 
use higher drying air temperatures than the dryers in Paraguay (in average 173 °C vs. 143 °C). 
Another significant difference between the two countries is the climate which is dryer in 
Paraguay, resulting in lower air inlet moisture. 
Among the 5 dryers, the air inlet velocity ranges from 9.8 m.s-1 to 23.8 m.s-1. In terms of pipe 
geometry, all 5 dryers include an upward followed by a downward section. Three dryers (TH-
1, TH-3 and PA-1) use constant pipe diameter while in the two others (TH-2 and PA-2) the 
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pipe has a change in diameter at some place. In TH-2, there is a pipe enlargement in the 
downward section, which is made to increase the particles residence time by reducing air 
velocity. On the other hand, PA-2 has a pipe restriction right before the loop at the top of 
upward section. This is presumably made to raise the air velocity that may be too low at this 
point to entrain the particles. Indeed, the air velocity that is already relatively low at the inlet 
(9.8 m.s-1) decreases to 8 m.s-1 in the first section of the pipe due to the important temperature 
decrease caused by the drying (according the simulation results).  
4.1.1. Model fitting: determination of particle size 
As mentioned in section 2.1, the particle diameter was used as a fitting parameter of the 
model. To this purpose, five industrial dryers were simulated using the model based the data 
provided by the manufacturers and taking into account the pipe geometry, including upward 
and downward section and diameter changes. For each of the 5 dryers, simulations were run 
to analyse the effects of particle diameter on process output variables. Then, based on the 
results of simulations, the particle diameter was fitted so that the model output matched the 
real data in terms of product moisture. The product moisture was used as the reference 
because it is the most reliable measurement available at the dryer outlet: indeed, for the starch 
to be marketable, its moisture content must be within a certain range, e.g. the standard in 
Thailand is 12-13%. The air outlet temperature is also a reliable measurement since it is 
commonly used to control the process.  
Figure 1 illustrates the variation of starch outlet moisture as a function of particle diameter, 
varying from 180 µm to 280 µm, for the 5 industrial dryers. The fitted particle diameters, 
indicated by square markers in Figure 1 and reported in Table 3, ranges from 210 µm to 
245 µm with an average of 227µm. This shows that the approach using an average particle 
diameter to fit the model to field data provides consistent results. The fitted particle diameters 
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are in the same range as actual starch particle diameters (50 – 450 µm) and moreover, among 
5 industrial dryers using similar technology, the variation range of fitted diameters is limited, 
only ± 8% from the average value. To go further in the validation of this approach, 
experimental tests would be required to verify if the fitted diameter varies with the drying 
conditions. 
As expected, the particle size has a significant effect on the diffusion kinetics: at fixed 
geometry and inlet conditions, reducing the particle size results in lower outlet starch 
moisture. The consequences are further analysed in section 4.2.4. It should be noticed that 
dryer PA-2 is particularly sensitive to the variation of particle diameter. This is caused by the 
short length of this dryer, resulting in short residence time. This phenomenon should be taken 
into account when designing a dryer since this would have an impact on the flexibility of use 
of the equipment. 
4.1.2. Simulation results: drying profiles and energy consumption 
For the 5 dryers, simulations were run using the fitted particle diameters, in order to illustrate 
the profile of air and starch properties along the drying pipe and to compare the model output 
with the data from manufacturers; the results are presented in Table 2. The model outputs can 
be compared to the actual data in terms air temperature and moisture when available, as the 
manufacturers do not measure the other outlet parameters.  
In all cases, the model output closely matches the manufacturers’ data in terms of air 
temperature. Since the particle diameter was calibrated to match the outlet starch moisture 
content, the evaporated mass flow rate calculated by the model is equal to the actual value. 
Consequently, as the outlet air temperature depends mostly on the evaporation rate, the model 
outputs are close to the measured values. The thermodynamical properties of moist air being 
well known, the observed variations may result from errors in the evaluation of heat losses, 
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heat of sorption or starch heat capacity.  As an indication, the calculated heat loss for dryer 
TH-2 amounts to 6.7 kW, while the power required to heat the inlet air is about 4.6 MW. 
Without the 2-inches rock wool insulation, the calculated heat loss is 10 times higher. 
Figure 2 illustrates the profiles of air and starch properties along the pipe in the case of dryer 
TH-2 . When the particle enters the drying pipe, it undergoes a rapid acceleration and about 5 
meters after the inlet it has reached a velocity close to that of air. The difference between air 
and particle velocity, termed slip velocity, is about 0.75 mꞏs-1. At 37 m the particle velocity 
becomes higher than air velocity, corresponding to the top of the drying pipe and the 
beginning of the downward section. The sudden drop in both air and particle velocity, at 45 m 
from pipe inlet, corresponds to a pipe enlargement from 1.5 m to 1.94 m. The velocity 
decreases from 19 to 11 mꞏs-1, which increases the residence time of particles. 
The moisture profile shows that the drying is very fast at the beginning of the pipe, because 
of a strong gradient of moisture and temperature. This high drying rate is accompanied by a 
dramatic decrease of air temperature which drops from 175 °C to 100 °C in the first 
10 meters. Alongside, the starch temperature increases progressively, rising from 35 °C to 
62 °C in the first 10 meters and then decreases progressively until the outlet. Thus, the starch 
remains right at the limit of gelatinisation conditions [25], (occurring around 60-70°C) which 
is crucial to preserve the product quality. By the way, it should be noted that the temperature 
of starch particles during drying might be slightly over-estimated following to the assumption 
of homogeneous temperature. 
Eventually, the specific heat consumption and the particle residence time of the dryers were 
calculated and are presented in Table 3. The values of specific heat consumption range from 
3060 kJꞏkg-1 to 3800 kJꞏkg-1, which may be compared to the latent heat of vaporisation of 
water at ambient temperature, 2425 kJꞏkg-1, the theoretical minimum energy requirement for 
drying. Dryers TH-1, TH-2 and PA-1 are the most energy efficient with an average 
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consumption of 3100 kJꞏkg-1. This performance may be explained by the long residence time 
of the particles in these dryers, 3.4 s in average, which results from the combination of air 
velocity and pipe length: TH-2 uses a very long pipe (57 m) with relatively high velocity (24 
m.s-1), PA-1 uses a short pipe (33 m) with low velocity (12 m.s-1) while TH-1 uses mid-range 
velocity and pipe length. Eventually, PA-2 is the least efficient dryer and also the one with 
the shortest residence time. These questions are further discussed in the next section, based 
on the results of numerical analysis. 
4.2. Results of numerical analyses and design guidelines 
This section describes the results obtained using the numerical analysis method presented in 
Section 3.1. In all simulations, all parameters were set to their default values, as listed in 
Table 1, except the parameter of which the effect is analysed. The effects of pipe geometry, 
processing capacity, air inlet conditions are successively presented, followed by the 
proposition of guidelines for the design of efficient pneumatic dryers.  
4.2.1. Effects of pipe geometry, dilution ratio and processing capacity 
The first result presented is the influence of pipe geometry, as this is one of the main interests 
of this paper. The model was used to simulate the variation of pipe diameter and assess its 
effect on the pipe length required to reach the target moisture and on the specific energy 
consumption of the dryer (using Qs , Lpipe   f D ). Under default setting, the pipe 
diameter was varied from 0.145 m to 0.23 m, which results in varying the starch dilution ratio 
( ) from 9.6 to 24.2. The results are presented in Figure 3: 3a gives the energy 
consumption and the pipe length as a function of dilution ratio and 3b gives the particle 
residence time as a function of pipe length. 
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As expected, when increasing the starch dilution, the pipe length required for drying 
decreases, while the energy consumption increases linearly. The lowest energy consumption 
achieved is 3250 kJ.kg-1 using a pipe length of 36 meters (providing a residence time of 3.2 s) 
and a dilution ratio of 9.6. A long pipe provides a long residence time allowing the starch to 
dry with a limited air mass flow. In such conditions the air reaches the dryer outlet close to 
adiabatic saturation, so the energy available in the form of sensible heat is fully utilised. This 
clearly highlights the trade-off between pipe length and energy consumption. According to 
Figure 3a, under default settings, the pipe should be at least 25 meter-long (together with a 
dilution ratio of 11 or less) to ensure a specific energy consumption lower than 4000 kJ.kg-1. 
This length corresponds to a residence time of 2.2 s. For shorter pipes, the energy 
consumption increases sharply. Note that this trade-off partly determines the economic 
compromise between capital and operating costs: nevertheless as it also depends on several 
local factors, such as the prices of energy and raw materials, it was not included in the present 
study. 
This result explains the difficulties faced by starch manufacturers trying to set up small 
capacity dryers. In most attempts, the pipe length used is shorter than 15 m and the air 
velocity in the range of 15-25 mꞏs-1. However, Figure 3a clearly shows that, in these 
conditions, the specific energy consumption cannot be below 6000 – 7000 kJꞏkg-1 at best. By 
contrast, in most industrial dryers, the same air velocity range is used but with pipes longer 
than 40 m, which explains that they achieve good energy efficiency. 
Moreover, although this is not presented in the figures, a consequence of using short pipes 
with high dilution is to raise the temperature of starch, which may alter its quality. As an 
illustration, with the default configuration, the dilution ratio should be lower than 13 to keep 
the maximum temperature reached by the starch below 70°C. Although the predicted starch 
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temperature is approximate (due to the assumptions on heat transfer), this result explains the 
gelatinisation problems reported by the small starch producers.   
Accordingly, using long pipes is crucial to ensure both the energy efficiency of the dryers and 
the quality of the product. It provides a long residence time allowing the starch to dry using a 
limited air flow (or dilution) while keeping its temperature low. The dilution ratio is 
physically limited by the quantity of water that the drying air can take up until saturation. In 
theory, the minimum air mass flow rate may be evaluated by considering that, at best, the 
drying air undergoes an adiabatic moistening up to saturation [35]. In the present case for 
instance, the adiabatic dilution ratio is 8.13, while the lowest value reached in the simulation 
is 9.6, i.e. 18% higher.  
Eventually, another important finding is that the processing capacity has almost no influence 
on the dryer performance. Simulation were run using starch feed rate from 0.02 kg.s-1 to 
2 kg.s-1 and the results obtained were almost identical, though with a very small advantage 
for high-capacity dryers in terms of energy consumption in the higher range of pipe length. 
The consequence is that the design rules are the same for small and high capacity. Thus, the 
results in Figure 3 are valid for any processing capacity, and the same applies to all 
simulation results presented in the following sections. 
4.2.2. Effect of inlet air velocity 
Now that the influence of the geometry was analysed, the results of simulations are presented 
in the space of the objectives (Qs vs. Lpipe), thus the value of pipe diameter is not displayed 
(although it decreases with increasing pipe length). This method simplifies the illustration of 
the results, presenting them as Pareto fronts.  
Figure 4 illustrates the results of simulations for three different inlet air velocities. Note that 
the case at 15 m.s-1 corresponds to the default configuration, already presented in the previous 
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section. The inlet air velocity appears to have a strong effect on the required pipe length and 
the energy consumption; especially, increasing the air velocity increases the specific energy 
consumption at equal pipe length. This effect is particularly pronounced for short pipes but 
weakens rapidly for longer pipes. It is explained by the fact that air velocity directly affects 
the residence time, thus the required pipe length to dry a given amount of starch increases 
with increasing air velocity.  
As an illustration, consider a 15 m-long dryer; using an air velocity of 10 m.s-1, it would be 
possible dry the starch to the target moisture with an energy consumption of about 4 000 
kJ.kg-1, while it would cost about 7 000 kJ.kg-1 at 15 m.s-1, and would not even be possible at 
20 m.s-1. However, for dryers longer than 30 m, these gaps are largely reduced. Indeed, in 
long dryers, the starch and air come closer to thermodynamic equilibrium and the drying rate 
is low in the last section of the pipe, making them less sensitive to velocity changes. 
4.2.3. Effects of air temperature 
Using the same method as for air velocity, the influence of air temperature were analysed and 
the results are presented in Figure 5. The simulations were conducted for 3 temperature levels, 
140°C, 160°C and 180°C. The result clearly shows the strong effect of this parameter: 
increasing the air temperature reduces the length required for drying and thus increases the 
energy efficiency at equal pipe length. This results from the intensification of mass transfer at 
high temperature. Increasing the air temperature also increases the particle temperature, 
which has mostly two effects: (i) increasing the diffusivity of water in starch and (ii) 
displacing the sorption by reducing the water activity at the surface of starch particles. 
Thereby, both the diffusivity and the concentration gradient are increased. As for air velocity 
and for the same reasons, the effect is less pronounced for long dryers.  
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Increasing the air temperature may be an efficient way to limit the energy consumption of a 
dryer but to a limited extent, since gelatinisation problems may arise if the particle 
temperature exceeds 60°C during a too long period. For instance, in the simulation of dryer 
TH-2 presented in Figure 2, the starch reaches a maximum temperature of 62.5 °C, for an 
inlet temperature of 175 °C. Moreover, the air temperature is not the only factor; the starch 
temperature is also conditioned by the dilution ratio. For this reason, the air temperature 
should be carefully monitored and high temperatures should be avoided where the drying 
pipe is short and the dilution high. 
4.2.4. Effects of particle diameter 
At last, the effect of particle size was analysed and is presented in Figure 6, for diameters 
varying from 210 µm to 270 µm. The effect is very similar to that of air temperature and 
velocity. The smaller the particles, the faster the drying. However, unlike air velocity and 
temperature, particle size is difficult to control. It is essential to use a good feeding system 
that enables the proper disaggregation of the starch cake when it enters the drying pipe. 
Otherwise, the only way to overcome the slow drying of large particles is to use a dryer with 
a long pipe.  
Given the very small size and relatively low density of starch particles, the effect of particle 
size on residence time is negligible. Within the range of diameter considered here, the 
particles are all entrained by the airflow with a slip velocity of the order of 1 m.s-1. Moreover, 
it was also observed that the particle size has no influence on the temperature taken by the 
particles, at equivalent air mass flow rate (or dilution). Actually, the higher energy flux (per 
unit volume) received by small particles is compensated by the higher drying rate resulting 
from the faster diffusion, thus maintaining the particle temperature. 
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4.2.5. General design guidelines 
In this section, we synthesized the observations made from the previous results to provide 
general guidelines for the design of energy-efficient flash dryers. The first step is to choose 
the lowest acceptable air velocity. Among the industrial dryers considered in this work, dryer 
PA-2 uses the lowest air velocity at 10 m.s-1. However, this dryer also has pipe restriction to 
raise the air velocity where it reaches 8 m.s-1, suggesting that lower velocity might cause 
entrainment issues. Thus, if lower air velocities are to be used, experimental trials should be 
conducted to determine the threshold value. Anyway, according to Figure 3, by applying an 
air velocity of 10 m.s-1, energy-efficient dryers may be designed with relatively short pipes 
(3350 kJ.kg-1 at 20 m). 
Then, the air temperature should be chosen regarding the maximum allowed by the 
constraints on product quality. In the case of cassava starch, it is not recommendable to use 
air temperature higher than 180 °C since this may heat the starch particle over 60 °C and 
cause gelatinisation issues. It should also be considered that the use of temperature lower than 
140°C considerably increases the dry time: thus, a long pipe will be required to achieve 
reasonable energy efficiency. Another factor that needs to be considered for the choice of the 
operating temperature is the gap between the inlet and target moisture content of the starch: if 
this gap is large, high temperature should be used. 
Finally, the pipe diameter and length have to be defined. At this step, the question of the 
investment cost may be important, especially for small-scale dryers. As for most industrial 
equipment, economies of scale arise when increasing the capacity. For large-capacity dryer, 
long pipes may be easily affordable, enabling high energy efficiency (thus low operating cost) 
and providing a greater flexibility of operation. On the other hand, for small-capacity dryers, 
the investment cost may limit the possibility to use very long pipes. However, it is not 
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advisable to build dryers shorter than 20-25 m: this would impose to use too high dilution, 
likely to cause gelatinisation issues and poor energy efficiency.  
Then, choosing a diameter implies choosing a dilution ratio. The most convenient method 
would be to use the model presented here to estimate it. Without a model, it must be 
estimated based on the theoretical minimum, i.e. the mass flow rate that would produce 
adiabatically saturated exhaust air. This provides the lower bound for the dilution ratio, which 
should be increased by 15% to 50% depending on the chosen pipe length and temperature. If 
the chosen diameter is too low, the dryer will not reach the desired processing capacity; if is 
too large, it will be necessary to reduce either the air velocity (if possible) or the air 
temperature to avoid over-drying the starch. Therefore, in case of doubt, it is preferable to 
slightly oversize the diameter. 
Eventually a design possibility, that was not investigated in the model, is the use of a drying 
pipe with variable diameter to improve the control of drying, product quality and energy 
performance. This technique is already implemented on industrial dryers, such as TH-2 and 
PA-2 presented in Table 1 or the Thermo Venturi Dryers proposed by MitchellDryers Ltd 
(Carlisle, Cumbria, UK). The drying material is fed into a venturi section at high air velocity 
to ensure good dispersion of the solids and help breaking larger particles. Then the pipe 
diameter is progressively enlarged to decrease the air velocity and provide suitable residence 
time.  
5. Conclusion 
A one-dimensional model was developed to describe the drying of particles in a pneumatic 
conveying dryer, following a water-diffusion-driven mechanism. For the first time, such a 
model was successfully applied to cassava starch drying to calculate the velocity, moisture 
and temperature profiles of particles and drying air along the tube, in steady-state operation. 
31 
Simulations were run with field data from five industrial starch dryers, using the particle 
diameter as a fitting parameter. The range of fitted diameters was limited to 210-245 µm.  
The model outputs were consistent with the field data, in terms of product moisture and 
exhaust air temperature. The predicted drying profiles were relevant in terms of physical 
meaning and thus provided a good understanding of the drying process, although further 
experimental trials would be necessary to confirm their validity. 
Then, a numerical analysis method based on a series of simulations was conducted to provide 
guidelines for the design of small-scale flash dryers. The results show that there is a marked 
trade-off between the dryer length and the energy consumption. The effect of pipe geometry, 
air inlet conditions and particle diameter were assessed. The scale (capacity) has a negligible 
effect on energy efficiency. The residence time, which is mostly determined by the pipe 
length and the air velocity, clearly appeared as the most influential factor and should be 
systematically maximised. The use of drying pipes longer than 25 meters allows to dry the 
starch with a limited air mass flow rate (i.e. low dilution ratio), which is crucial to ensure (i) a 
good energy efficiency and (ii) to keep the product temperature low, preserving its quality. 
Finally the air temperature should be set to the maximum allowed by product quality 
constraints, as it improves the energy efficiency. The results of simulations brought a deeper 
insight into the mechanism of starch drying in pneumatic dryers. Despite numerous 
interactions, the relative influences of design variables were clarified and general design 
guidelines were proposed.  
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